This paper examines the distributions of the SAR ͑specific absorption rate͒ ratio and temperature elevation when an ultrasound beam propagates through the interface of muscle and bone. This interface is regarded as a flat boundary to partition the energy of the ultrasound beam, and the analytical solution of temperature distribution is based on the steady-state bio-heat transfer equation. The parameters considered are the incident angle of ultrasound beam, the ultrasound frequency, the acoustic attenuation coefficients of refracted longitudinal and shear waves in bone, and the blood perfusion in muscle. The results show that the peak of the SAR ratio is always at the interface of muscle and bone, while the peak of temperature is located in the bone region beyond the interface. A muscle with lower perfusion or a bone with higher acoustic attenuation results in the shifting of the temperature peak closer to the interface. It is more difficult to heat a higher perfused muscle in front of a bone using a lower frequency ultrasound since the temperature elevation for bone relative to muscle is greater.
I. INTRODUCTION
The steady-state temperature rise for a focused ultrasonic beam along its axis was performed at the soft tissue/bone interface with normal incidence 1 and the temperature for different sets of transducer's diameter, frequency and curvature's radius 2 has been studied. The results showed that the maximum temperature rise along the beam axis occurs at a point in the bone side, close to the interface, or in the focal zone. Further study with a focused transducer for an agar/ bone phantom has been performed by Fujii et al. 3 to investigate the temperature rise at the muscle/bone interface. Their results showed that the peak temperatures were mainly at the interface even though the focal point was not located at the interface and the incident angle was an important factor when the focal point was located at the interface.
Several studies [4] [5] [6] [7] have shown the preferential heating of the post target bone with nonfocused physiotherapy ultrasound transducers. The in vivo experimental results for Lehmann et al. 6 showed that the peak temperature occurred in the spongy bone when the hind legs of pigs were exposed for 5 min to continuous unfocused ultrasound of a 1.0 MHz frequency. Chan et al. 8, 9 theoretically studied the heat generation in a fat-muscle-bone model by planar ultrasound wave. They determined that the incident angle of the ultrasound beam should be larger than ϳ60°in order to avoid both absorption and shear wave generation, and the effect of shear wave generation was especially significant for incident angles between 30°and 50°. Besides, Moros et al. 10 developed an ultrasound power deposition model for the chest wall based on secondary-source and plane-wave theories. They showed that the determining factors for the power deposition are reflection at major interfaces and attenuation in bone, and the incident angle of the ultrasound beam determined the dominance of the factors.
Similar hot spots also appear in the posttarget bone during ultrasound hyperthermia when weakly focused, low frequency, single or multiple beam systems are used to heat tissues in front of bones. [11] [12] [13] [14] [15] Hynynen and DeYoung 14 studied the influence of a muscle/bone interface on the temperature distribution in vivo dogs' thighs during scanned, focused ultrasound hyperthermia. The steady-state temperature distributions showed that the peak value was located at the interface of muscle/bone when they used 10-mm spacing multisensors thermal probes to measure the temperatures and cubic-spline interpolation to obtain the isothermal lines in the plane.
The absorbed power deposition and the bio-heat transfer determine the temperature elevation around the interface of muscle and bone. The shape and incident angle of the ultrasound beam and the acoustic properties of muscle/bone configure the pattern of absorbed power deposition. During external ultrasound hyperthermia for treating a tumor located in front of a bone, it is necessary to prevent overheating not only the intervening normal tissue between the skin and the target volume but also the bone behind the tumor. Thus, a convolution power deposition with a convergent-divergent cone shape should be formed to provide appropriate heating. 16 Scanned, focused ultrasound heating systems [17] [18] [19] [20] [21] can produce a convolution power deposition close to this ideal shape by scanning the ultrasound beams with appropriate scan parameters. In addition, two-dimensional arrays of transducers [22] [23] [24] can yield such a power deposition by controlling the amplitude and phase of each array element. The power deposition for ultrasound hyperthermia is different from those mentioned earlier, especially for a single focused ultrasound transducer. The present work employs a onedimensional model of ultrasound power deposition to simulate and examine the absorbed power deposition in the region across the muscle/bone interface. An analytical solution for the resulting temperature is also studied based on the steadystate bio-heat transfer equation. The incident angle of the ultrasound beam, the ultrasound frequency, and the acoustic attenuation coefficients of refracted longitudinal and shear waves of bone are studied for the SAR ratio distribution ͑where SARϭ2␣I, ␣ and I are ultrasound absorption coefficient and intensity, respectively͒. Besides, blood perfusion of muscle is also considered for the further study of the distribution of temperature elevation.
II. METHOD AND MATERIALS
A. Power deposition and energy partition at the interface of muscle and bone Figure 1͑a͒ shows the geometry of the power deposition during ultrasound hyperthermia. The ultrasound beam propagates from the left side to the right side and the ultrasound power is assumed to propagate within a conical shape for the convolution power deposition. The total ultrasound energy is attenuated according to the exponential law 18, 25 and the deposition of ultrasonic intensity within the cone region is assumed as a uniform distribution at each depth. The portion across the muscle/bone interface is taken for this study and the geometrical variation has been neglected. The deposition of ultrasound energy is regarded as a one-dimensional distribution as shown in Fig. 1͑b͒ . The left side from 0 to z b , the middle from z b to z c , and the right side from z c to z e , are regarded as the muscle region, the cortical layer, and the spongy/marrow region of bone, respectively. For the following study, z b , z c , and z e , are set at 5, 5.35, and 10 cm, respectively. The thickness of the cortical layer is assumed as 0.35 cm. The media of muscle and bone were modeled as liquid-solid and the muscle can be considered as liquid due to the contribution of the shear waves to the heating in the muscle is negligible. 26 The interface of muscle and bone is regarded as a flat boundary and, according to Snell's law and Mayer, 27 the energy partition at the interface can be written as follows:
with
FIG. 1. Schematic diagram of the geometry studied for the temperature elevation distributions of the SAR ratio and temperature around the muscle/ bone interface when the ultrasound beam contacts the bone surface. ͑a͒ The power deposition during ultrasound hyperthermia, with the power convergent to the tumor and then divergent. ͑b͒ The portion across the interface of muscle/bone as shown in ͑a͒ has been taken for the study of the SAR ratio and temperature elevation. The ultrasound beam penetrates the tissues from the left, propagating through the muscle and then impinging against the muscle/bone interface at a distance of z b . The cortical layer is from z b to z c and the spongy/marrow region from z c to z e . ␣, ␤, and ␥ are the angles of the incident longitudinal wave (I l ), refracted longitudinal wave (T l ), and refracted shear wave (T s ), respectively. R, ͑1ϪR͒͑1ϪS͒, and ͑1ϪR͒S are the energy partition ratios of R l ͑reflected longitudinal wave͒, T l , and T s , to I l , respectively.
where v m , v bl , and v bs are the velocities of the incident longitudinal wave, refracted longitudinal wave, and refracted shear wave, respectively; ␣, ␤, and ␥ are the angles of the incident longitudinal wave, refracted longitudinal wave, and refracted shear wave, respectively; R, ͑1ϪR͒͑1ϪS͒, and ͑1ϪR͒S are the energy ratios of the reflected longitudinal wave, refracted longitudinal wave, and refracted shear wave to the incident longitudinal wave, respectively; S and ͑1ϪS͒ are the energy ratios of the refracted shear and longitudinal waves to the total transmitted wave into the bone, respectively; and m and b are the densities of muscle and bone, respectively. The ultrasound power deposition is as follows. ͑a͒ For 0рzϽz b ͑the muscle region͒,
where I͑0͒ and I(z͒ are the ultrasound intensities at the depth of 0 and z, respectively; q͑z͒, heat source function, is the absorbed ultrasonic power density at z; m is the ultrasound attenuation of muscle; and z b is the depth of the interface of muscle/bone. ͑b͒ For z b рzрz e ͑the bone region͒,
where bs and b are the ultrasound attenuations of the refracted shear and longitudinal waves in the bone, respectively.
Assuming that the ultrasound intensities are not strong enough to cause wave distortion and ultrasound propagates in the linear range ͑nonlinear distortion is neglected͒, and that the attenuation and absorption coefficients for tissues are equal ͑all of the attenuated energy is absorbed in the heating field͒, 2,28 then we can obtain the ratio of the SAR at any depth of the tissues to that at zϭ0 as
where SR͑z;0͒ is the ratio of the SAR ͑specific absorption rate͒ at the depth of z to that at zϭ0; q(z) for muscle and bone can be obtained from Eqs. ͑3a͒ and ͑3b͒, and q(0)
B. Temperature solver

Pennes'
29 steady-state bio-heat transfer equation ͑BHTE͒ was used to solve for the temperature distribution,
ϪWc͑TϪT a ͒ϩqϭ0. ͑5͒
The above BHTE is a simplification that neglects the effects of discrete blood vessels and the redistribution of thermal energy within the local vascular network. However, the BHTE is a good approximation that offers a practical approach for modeling biothermal processes [30] [31] [32] and performing general parameter studies. We selected thermal properties to approximate averages for muscle [33] [34] [35] and bone tissues, 36 and the values are shown in Table I . The absorbed ultrasonic power density ͑q͒ was obtained using the earlier procedure for a given input power. All attenuated ultrasonic energy was assumed to be absorbed by the tissue. The anatomic and physiological properties were assumed to remain constant throughout the entire field, and metabolism was neglected due to its small contribution to the temperature changes. 31, 37 The blood perfusion ͑W͒ is maintained at 2, 0, and 0.1 kg m Ϫ1 s Ϫ1 for the muscle, cortical layer, and spongy/marrow bone, 36 respectively, unless otherwise noted. The bio-heat transfer for each region can be written as
iϭ3, z c рzрz e ͑ spongy/marrow bone͒, where k i and W i represent the thermal conductivity and blood perfusion for muscle (iϭ1), the cortical layer of bone (iϭ2), and the spongy/marrow bone (iϭ3); and q i is the absorbed ultrasonic power density which can be obtained by Eq. ͑3͒. The temperature distribution in each region can be obtained by solving Eq. ͑6͒ and can be written as
͑6͒
and A i and B i are the integration constants.
The six boundary conditions are listed as follows,
The above boundary conditions ͑8a͒-͑8f͒ can be used to solve for the six integration constants (A i , B i , for iϭ1, 2, 3͒ in Eq. ͑7͒.
From the boundary conditions ͑8a͒, ͑8b͒, ͑8e͒, B 1 , B 2 , and B 3 can be replaced by Using the above B 1 , B 2 , B 3 and the boundary conditions ͑8c͒, ͑8d͒, and ͑8f͒, we can obtain the following three equations for A 1 , A 2 , and A 3 : 
The analytical solution of the temperature distribution in each region can be obtained by solving for A 1 , A 2 , A 3 , B 1 , B 2 , and B 3 .
III. RESULTS
The relationship between the incident wave and the reflected/refracted waves at the interface of muscle and bone is determined by Eqs. ͑1͒ and ͑2͒, 27 which are related to the velocities of waves in tissues and the tissue densities. Figure  2͑a͒ shows the energy partition ratios of the reflected wave and the refracted longitudinal and shear waves to the incident wave when an ultrasound beam propagates at the interface of muscle and bone with different incident angles. The acoustic and tissue parameters used in this study are shown in Table I . 
at the interface of muscle/bone; R is the energy ratio of the reflected longitudinal wave to the incident longitudinal wave; and S is the energy ratio of the refracted shear wave to the total transmitted wave into the bone. increases. The ultrasound beam is totally reflected at 24.7°, and hence both the refracted longitudinal and shear waves drop to zero at that point. As the incident angle becomes greater than 24.7°, the refracted longitudinal wave disappears, and the magnitude of the reflected wave drops to its lowest value but the refracted shear wave jumps to its highest value. The second substantial change occurs when the incident angle approaches to 56.6°. As the incident angle is greater than 56.6°the ultrasound beam totally reflects again. Figure 2͑b͒ shows the energy partition ratios for the velocity of the longitudinal wave in bone equal to 2600 m/s, while the velocity of the shear wave is half of that value. Comparison with Figs. 2͑a͒ and 2͑b͒ reveals that the incident angle for total reflection increases and the magnitude of the reflected energy decreases when the ultrasound velocity in bone decreases.
To investigate the influence of the incident angle of the ultrasound beam at the interface of muscle and bone on the distributions of the SAR ratio and temperature in the tissues, several representative values taken from Fig. 2͑a͒ and listed in Table II have been used. Figure 3͑a͒ is the distribution of the SAR ratio for those cases in Table II using Eqs. ͑3͒ and ͑4͒ to calculate and scale the absorbed power deposition in the tissues for an ultrasound frequency of 1.0 MHz. The ultrasound attenuation at 1.0 MHz is 5 Np m Ϫ1 for muscle, and 86.3 and 126.6 Np m Ϫ1 for the longitudinal and the shear waves in bone, respectively. 38 The SAR ratio distribution shows that a sharp peak occurs at the interface of muscle and bone due to the much greater ultrasound absorption of the bone ͑refracted longitudinal and/or shear waves͒. The maximum of these peaks is the peak for the incident angle of 40°, at which 20% of the incident energy is reflected and the remainder is transmitted into the bone as shear wave. For case 1, 100% of the incident energy is transmitted into the bone as longitudinal wave, so the ultrasound beam penetrates into the bone deeper than the other cases. For case 5, with a 60°incident angle, there is no energy deposited in the bone, but the highest energy is in the muscle because the ultrasound beam is totally reflected at the interface. Figure 3͑b͒ shows the corresponding temperature distribution for Fig.  3͑a͒ . The input power is tuned for case 1 to reach a peak temperature of 41.5°C, and then this input power level is fixed and used for all of the other cases. The peak temperature for case 5 ͑100% reflection͒ occurs in the muscle, while the other peaks occur in the bone region beyond the interface of muscle and bone, instead of at the interface ͑the location of the peak of the SAR ratio͒. Figure 3͑b͒ indicates that the peak temperature is higher for the case with a lower percentage of reflected energy, and hence case 1 with a 100% of transmitted energy produces the maximum of the peak temperatures. The temperature results obviously denote that the peak temperatures occur in the spongy/marrow region close to the cortical layer. The percentages of the reflected energy are equal for cases 2 and 3. The difference between these two cases is that all transmitted ultrasound is in longitudinal waves for case 2 but for case 3 the shear wave is 27% of the total. However, there is no significant difference between the corresponding temperatures.
Ultrasound with 0.5 and 3.0 MHz is used to investigate the effect of frequency on the temperature elevation across the muscle/bone interface. Figures 3͑c͒-3͑d͒ show the temperature distributions for 0.5 and 3.0 MHz, respectively, with the other conditions maintained the same as Fig. 3͑b͒ . Comparison with Figs. 3͑b͒-3͑d͒ indicates that a lower frequency ultrasound produces a higher temperature elevation deeper in the bone, but a lower temperature elevation in the muscle with the same input power level.
Blood perfusion always plays an important role in the temperature distribution during hyperthermia. Figures 4͑a͒  and 4͑b͒ are the temperature distributions with the conditions maintained the same as for Fig. 3͑b͒ except the blood perfusion values for muscle are varied from 0.5 to 20 kg m Ϫ3 s Ϫ1 . The input power level is fixed and used for all cases. The temperature distributions show that a muscle with lower perfusion results in higher temperatures not only in the muscle but also in the bone. Besides, the peak temperature shifts from the spongy/marrow region closer to the muscle/bone interface due to a weaker energy flow by conduction from the bone to the muscle. However, the ratio of temperature elevation for bone to muscle drops when the blood perfusion in muscle decreases.
The above study is based on the ultrasound attenuation coefficients of longitudinal and shear waves for bone 38 [39] [40] [41] [42] showed a large range of acoustic attenuation coefficients for bone tissues. The acoustic attenuation coefficient of bone is one of the crucial factors determining the distributions of the SAR ratio in tissues. It is necessary to study the influence of this factor on the distributions of the SAR ratio and temperature. Figures 5͑a͒ and 5͑b͒ present the results for case 2 in Table II , when the attenuation coefficient of the longitudinal wave for bone is varied from 50, 100, 150, to 200 Np m
Ϫ1
MHz Ϫ1 with the other conditions maintained the same as for Figs. 3͑a͒ and 3͑b͒. Figure 5͑a͒ indicates that a greater attenuation coefficient of the longitudinal wave in bone results in a higher peak of the SAR ratio at the muscle/bone interface, whereas, for a lower attenuation coefficient, the ultrasound beam penetrates deeper into the bone. The corresponding temperature distribution as shown in Fig. 5͑b͒ reveals that for a greater attenuation coefficient the peak temperature shifts closer to the muscle/bone interface. However, the values of all peak temperatures are about the same level due to the temperature elevation contributed by a higher absorbed power density, which is compensated for by the greater conduction. Figures 5͑c͒ and 5͑d͒ show the results, similar to
Figs. 5͑a͒ and 5͑b͒, for case 4 in Table II when the attenuation coefficient of shear wave for bone varies from 100, 200, 300 to 500 Np m Ϫ1 MHz Ϫ1 with the other conditions maintained the same for Figs. 3͑a͒ and 3͑b͒. The SAR ratio peak at the muscle/bone interface is even higher and the SAR ratio distribution in the bone has even greater convergence to the cortical layer. The peak temperature is closer to the muscle/ bone interface for a higher attenuation coefficient of shear wave. Comparing Fig. 5͑b͒ with Fig. 5͑d͒ , the temperature results indicate that a greater acoustic attenuation coefficient of bone results in a peak temperature closer to the muscle/ bone interface, with the temperature determined by the percentage of the ultrasound energy transmitted into the bone.
Figures 6͑a͒ and 6͑b͒ are the temperature distributions for case 2 in Table II when the input ultrasound power level for each set of perfusion and frequency is tuned to produce a peak temperature of 41.5°C. Figure 6͑a͒ reveals that a higher perfusion of muscle results in a lower temperature elevation in the muscle. This demonstrates that a highly perfused tumor in front of a bone is much more difficult to heat without overheating the bone. Conversely, a necrotic tumor could probably be heated without significant problems. The temperatures of Fig. 6͑b͒ show that a higher frequency ultra- sound can produce a greater temperature elevation in muscle. A tumor in front of a bone may be treatable without overheating the bone when an ultrasound beam is formed convergent to the tumor and then divergent, 16, 43 using an appropriate frequency and also considering the incident angle of the ultrasound beam to the bone surface ͑Figs. 2 and 3͒. The scanned focused ultrasound hyperthermia system [17] [18] [19] [20] [21] or two-dimensional phased arrays of transducers [22] [23] [24] can achieve this goal with a proper arrangement.
IV. DISCUSSION AND CONCLUSION
The shape and incident angle of the ultrasound beam and the acoustic properties of the muscle and bone configure the pattern of absorbed power deposition. The conduction of the muscle and bone and the blood perfusion of muscle redistribute the absorbed power and produce a steady-state temperature distribution, which may be significantly different from the absorbed power deposition. The peak of temperature elevation appears at the interface or in the cortical layer very close to the interface of muscle and bone when the focal point of a focused ultrasound transducer is arranged close to the interface. [1] [2] [3] This is due to the much higher absorption of the bone and the focused power in the focal zone. The study of the temperature elevation produced by this kind of power pattern is useful for ultrasound diagnostics, whereas the heating target for hyperthermia is a tumor, which may be located in front of a bone. The entire ultrasound beam is necessarily convergent to the tumor in order to deliver sufficient power to heat it and then divergent to avoid the overheating of the posttarget bone. 43 Hence the power deposition for hyperthermia is greatly different from that produced by a single focused ultrasound transducer. The present work used a onedimensional model to theoretically calculate and examine the absorbed ultrasonic power deposition and the temperature elevation across the interface of muscle and bone. The proposed method can appropriately describe and analytically investigate the temperature elevation across the interface of muscle and bone for a large region heating, such as ultrasound hyperthermia or ultrasound physiotherapy, when the acoustic parameters and/or tissue properties are given.
This study of the SAR ratio and temperature distributions shows that the incident angle of the ultrasound beam at the muscle/bone interface, the acoustic attenuation of bone, and the blood perfusion of muscle are the crucial factors for absorbed power deposition and temperature elevation in tissues. Previous investigators 3, 8, 9, 14 have suggested that a specific or large incident angle ͑24.7°or Ͼ56.6°in this study͒ of the ultrasound beam can be used to minimize the ultrasound energy transmitted into the bone, thus effectively preventing the overheating of the bone. When these incident angles cannot be arranged for the ultrasound beam during hyperthermia, a small angle that can result in a relatively higher reflection is suggested for use ͑Fig. 2͒. A higher reflection of the ultrasound beam means that a smaller amount of ultrasound energy penetrates into the bone and a lower temperature elevation occurs in the bone ͑Fig. 3͒. In addition to the incident angle of ultrasound beam, the ultrasound frequency is another control factor that can be used to effectively reduce the peak of the SAR ratio at the muscle/bone interface and/or to shorten the penetration depth of the ultrasound beam in the bone ͑Fig. 3͒. As a result, the temperature elevation in the bone drops dramatically for a higher frequency when the ultrasound beam propagates from the muscle side with the same input power level. This indicates that an appropriate frequency and incident angle of the ultrasound beam should be selected in order to deliver sufficient energy to heat a tumor and not to overheat the bone behind the tumor. 9, 14, 15, 43 The incident angle of the ultrasound beam considered in this study is directly located at the interface of muscle and bone, whereas it is at the interface of fat and muscle for the three layer ͑fat/muscle/bone͒ model proposed by Chan et al., 8, 9 These two incident angles can be transferred from one to the other using Snell's law.
The distributions of the SAR ratio indicate that the peak of absorbed power density is always at the interface of muscle and bone except for the case of total reflection. Immediately after the exposure of ultrasound power begins, the temperature rise is linearly proportional to the local SAR and the function of temperature rise resembles the distribution of the SAR ratio. Within several seconds, thermal conduction becomes very significant and broadens the thermal distribution across the interface of muscle/bone. The location of the peak temperature is not only determined by the SAR ratio, which is related to the ultrasound frequency and the incident angle of ultrasound beam ͑Fig. 3͒, but also by the blood perfusion of muscle ͑Fig. 4͒. The energy taken away by blood perfusion is related to the magnitude of perfusion as well as the temperature difference of local tissue and arterial blood. Under the same conditions, a higher muscle perfusion results in a lower temperature elevation in the muscle, thus causing a greater temperature drop at the muscle/bone interface due to the stronger thermal conduction from bone to muscle. Hence the peak temperature drops and shifts from the interface/cortical layer to the spongy/marrow region for a higher perfused muscle ͑Fig. 4͒. In addition, the ultrasound attenuation of bone is the other tissue property that affects the location of the peak temperature. The peak temperature shifts closer to the muscle/bone interface for a bone with a higher ultrasound attenuation ͑Fig. 5͒. The ultrasound wave was assumed to smoothly transmit through the second interface ͑cortical layer/spongy bone͒ in the above study and Eq. ͑3b͒, which neglects the effect of the second interface, was used to describe the absorbed power deposition in the bone region (z b рzрz e ). When the second interface is considered as a sharp change in acoustic impedance and normal incidence (␣ϭ0) for the ultrasound beam, the absorbed power density in the bone region is q͑z ͒ϭ ͭ •͓͑1ϪRЈ͒e
where RЈ is the energy ratio of the reflected wave to the incident wave at the second interface and can be obtained by Eq. ͑2a͒. Based on the density differences of the muscle/ cortical layer/spongy region and the velocity difference of the muscle/cortical layer, RЈ is about equal to 0.12 for a 2300 m/s acoustic velocity in the spongy bone. The resulting SAR ratio in the cortical layer is 3.6% higher at z b ϩ ͑the interface of muscle/cortical layer͒ and 12% higher at z c Ϫ ͑the interface of cortical layer/spongy bone͒ than those without considering the second reflection, while the SAR ratio in the spongy/ marrow region decreases 12%. Hence the location of maximum temperature elevation may shift from the spongy/ marrow region to the cortical layer for a sharp change of acoustic impedance at the second interface.
